The in-season estimation of crop stresses which have the potential of adversely affecting crop yield and/or quality could allow producers to make in-season management decisions to correct for the particular stress. A field study was conducted to evaluate the use of multispectral imagery for estimating corn (Zea mays L.) grain yield, in-season biomass and nitrogen (N) concentration under varying N and drought stresses. The experiment was a split-plot design with three replications using a factorial arrangement of treatments. Three ). Multi-spectral imagery consisted of four wavebands; blue (485 nm AE 35 nm), green (550 nm AE 35 nm), red (660 nm AE 30 nm), and near-infrared (NIR) (830 nm AE 70 nm). Imagery was collected on various dates throughout the growing season; biomass sampling was performed within two days of image collection. Grain yield, in-season biomass, and N concentration increased with increasing N rate regardless of sampling date or year. Yield was only affected by irrigation during 1997 due to a significant difference in rainfall between 1997 and 1998, 247 vs. 457 mm, respectively. Regression correlation coefficients for the 1998 values were generally higher compared to 1997 values across years for imagery collected at similar growth stages, possibly due to differences in sensor sensitivity or the increased plant response to applied N. Regression correlation coefficients increased as the growing season progressed. The green waveband and normalized difference greenness vegetation index (GNDVI) had the greatest ability to estimate grain yield in the presence of varying N and/or drought stresses. This study demonstrates the ability of multispectral imagery analysis to estimate grain production in the presence of N and/or drought stresses.
INTRODUCTION
Adoption of precision agriculture or site-specific management would be enhanced by the ability to identify yield-limiting factors during the growing season. Available water and N are critical yield limiting factors in corn production. Real-time identification of these stresses could be beneficial to producers making various in-season management decisions. Remote sensing technologies have the potential to be utilized in this manner for assessing in-season stresses. Remote sensing is defined as obtaining information about an object, area, or phenomenon by analyzing data acquired from a device that is not in contact with the object, area, or phenomenon. [1] There are many ways to obtain remotely sensed data, including aerial photography, satellite images, hand held radiometers, or aircraft mounted sensors. These systems are either hyperspectral or multi-spectral in nature. A hyper-spectral system is defined as collecting data in numerous segments placed continuously throughout a defined portion of the spectrum. [1] A multi-spectral system is defined as collecting data in a few unique portions but not continuously throughout the spectrum. [1] 1918
Osborne, Schepers, and Schlemmer Numerous studies evaluate the potential of multi-spectral remote sensing to characterize vegetation parameters, but the majority of these have been performed on a large scale (landscape, characterizing an entire field, etc.). These studies have focused on evaluating indices (combinations of individual wavebands) to estimate various parameters. The most widely used index is the normalized difference vegetation index (NDVI) developed by Tucker. [2] The NDVI is correlated with a number of different vegetation parameters such as leaf area, biomass, and percent cover. [3, 4] Using hand-held or vehicle mounted hyper-spectral systems to measure reflectance, researchers have collected reflectance data corresponding to similar wavebands available in satellite-sensed data. Kleman and Fagerlund [5] investigated wavebands that are present on the Landsat multi-spectral scanner (MSS) using a radiometer measuring 400 to 2300 nm. They found that a NIR (800 nm) to red (680 nm) ratio was highly correlated to total shoot biomass for barley (Hordeum L.) in the early growth stages. A reflectance ratio of 800:1650 nm was better for biomass estimation at later growth stages and for estimating grain yield. They noted that reflectance in the blue region of the spectrum was strongly related to different irrigation levels, but was insensitive to the amount of biomass. A ratio of NIR to red reflectance could be used to estimate the amount of drought stress and the total amount of biomass present. Ahlrichs and Bauer [6] found that variation in reflectance in the NIR band best explained leaf area index and percent soil cover while reflectance in the mid-infrared band explained differences in fresh biomass, dry biomass, and water content. Aase and Siddoway [7] demonstrated a strong relationship between both grain yield and dry matter production with reflectance measurements taken at the same bandwidths of the Landsat MSS. They cautioned that there are many factors that can influence the readings such as hail damage, weed infestation, and disease incidence.
An alternative would be to utilize hyper-spectral systems to determine which particular wavelength is indicative of a particular stress. Reflectance in the green region in the visible portion of the electromagnetic spectrum has been established as a good indicator of N content in a number of different crops, including corn, wheat (Triticum aestivum L.), and bermudagrass [Cynodon dactylon (L.) Pers.]. [8] [9] [10] [11] Moran et al. [12] investigated the effect of drought stress on the canopy architecture of alfalfa (Medicago sativa L.) and the sequential effect on canopy reflectance. They found that drought stressed canopies have a lower spectral reflectance in the NIR and red wavebands compared to unstressed canopies. A ratio of the two wavebands was most successful in estimating the onset of stress.
While many researchers have investigated the relationship between wavelength combinations (indices) or reflectance at particular wavelengths with various vegetation parameters using satellite or aircraft based systems, few have collected intense ground truthing information on a small scale to verify relationships within a given field. This is partly due to the resolution at which satellite imagery is collected: 5 to 80 m 2 depending on the satellite. Collecting ground truthing information on this scale could be very time consuming and costly. This could possibly require sampling across varying crop type, and management practices further complicating the verification. An alternative to this is to use imagery collected from aircraft based systems. Data collected using these systems can be at a resolution high enough to account for small variation within a field. This may enable a producer to make in-season management decisions that influence production on a field-by-field basis. The ability to utilize remotely sensed information in this manner could increase the adoption of remote sensing techniques in precision agricultural applications for correcting in-season nutrient or drought stresses, leading to greater yields. The objective of this research was to utilize high-resolution multi-spectral imagery for estimating in-season plant biomass, plant N concentration, grain yield, and grain N concentration in the presence and absence of N and/or drought stress.
MATERIALS AND METHODS
An irrigated continuous-corn experiment was conducted on a Hord silt loam (fine-silty, mixed, mesic Cumulic Haplustolls) located at the Management Systems Evaluation Area (MSEA) project site near Shelton, NE. Irrigation was applied using a linear drive irrigation system. Irrigation water contained less than 1 ppm nitrate-N. Tillage was performed in late April with a disk, and cultivated in mid June when the plants were at approximately V5. Seeding rate was 74,000 plants ha À1 with Pioneer brand hybrid 3489 planted on 5 May 1997 and 7 May 1998. The experimental design was a split-plot with three replications; treatments were arranged in a three by five factorial array, with the irrigation treatments applied to whole-plots and N rates to split-plots. The three irrigation treatments consisted of dry land (no additional irrigation except that needed to avoid complete crop loss) and irrigation based on 0.5 and full ET. Nitrogen treatments were applied as NH 4 NO 3 at rates of 0, 45, 90, 134, and 269 kg N ha À1 . Nitrogen treatments were applied as a split application ½ side-dress at V1-V2 and ½ side-dress at V4-V5 prior to cultivation. Starter fertilizer (13 kg N ha À1 and 19 kg P ha À1 as ammonium polyphosphate) was applied at planting. Plot size was 7.32 Â 22.86 m with 0.91 m row
.1% active ingredient were applied to all plots at a rate of 3.5 L ha À1 in early May. Individual irrigation rates and dates are reported in Table 1 . Phenology data according to Ritchie et al. [13] were recorded weekly from the first of June until the end of August and then bi-weekly until maturity.
Biomass sampling was performed throughout the growing season by taking 12 randomly selected plants from the east quarter of each plot. Whole plants were weighed and ears were separated once distinguishable. Whole plants were chopped with a chipper-shredder in the field to facilitate subsampling. Subsamples were weighed, oven dried at 50 C, and then reweighed for water content. All samples were ground with a Wiley Mill to pass a 2 mm sieve. Nitrogen concentration was determined on all samples using dry combustion. [14] Grain yield was estimated by hand harvesting 3.05 m from each of the four middle rows. Ears were shelled and water content determined. Grain samples were oven dried at 50 C, ground, and analyzed as described above for biomass samples. Grain yield per plot was calculated and corrected to 155 g kg À1 moisture. 
Multi-Spectral Imagery to Evaluate Corn
Multi-spectral airborne imagery data, consisting of four bands; blue (485 AE 35), green (550 AE 35), red (660 AE 30), NIR (830 AE 70) were collected on various dates throughout the growing season. Imagery was obtained on cloud-free days at around solar noon, after which the imagery was downloaded and rectified to a 1-m pixel resolution. The sensor system used to obtain imagery was 8-bit in 1997 and 12 bit in 1998. Thus the system was 16 times more sensitive in 1998 than 1997. Four 64 m 2 calibration tarps of known reflectance characteristic for each band were visible in each image. Imagery was converted to percent reflectance for each band using the calibration tarps and indexed calculations such as GNDVI and NDVI. Pixel values were averaged for each plot to obtain an average reflectance value for each plot. Data for each plot were used to calculate NDVI and GNDVI.
Analysis of variance and least significant difference (Fisher protected LSD) tests were performed to assess N rate and irrigation effects on all plant biomass, plant N concentration, grain yield, and grain N concentration for each sampling date and year using the GLM procedure in SAS. [15] Linear regression was utilized to develop regression coefficients for plant measurements with individual waveband and indexes using the REG procedure in SAS. [15] RESULTS AND DISCUSSION
In-season Biomass and Grain Harvest
Analysis of variance performed on biomass, grain yield, and N concentrations did not reveal a significant interaction between N rate and irrigation treatment for any response measured or sampling date. Treatment means and mean separation for in-season biomass, plant N, grain yield, and grain N concentrations are therefore reported in Tables 2  and 3 by sampling date. In general, grain yield, plant biomass, grain N concentration, and plant N concentration increased with increasing N rate (Tables 2 and 3 ). Late August samplings were the only ones to show effects on biomass production and N concentration from the different 1922 Osborne, Schepers, and Schlemmer irrigation treatments (Table 2 ). This could have been due to the timing and amount of rainfall each year. Rainfall total for 1997 was only 247 mm compared to 457 mm in 1998; there was no rainfall during July and early August of 1997 (encompassing the end of the vegetative state and silking in the reproductive growth stage). During the 1998 growing season there was only a period of approximately one week around the middle of July when rainfall was inadequate; this did not affect biomass until the following sampling date. Due to this difference in rainfall there was only a measured drought stress (measured from canopy temperature and neutron probes, data not shown) prior to silking in 1997. This drought stress decreased yields by 22.1 and 15.8 % for the dryland and 0.5 ET irrigation treatments (averaged over all N treatments), respectively, compared to the full ET treatment in 1997 (Table 3 ). There was no significant difference among irrigation treatments in 1998.
In-season Biomass Image Analysis
Analysis of multi-spectral imagery and plant measurements was performed when imagery was collected within 2 days of plant biomass sampling. Overall the 1998 imagery resulted in a better ability to predict in-season plant biophysical characteristics for all sampling dates compared to the 1997 growing season (Table 4) . This difference could be attributed in part to the difference between years in sensor sensitivity and also biomass production. The 1998 growing season had larger differences in biomass production among the different N treatments compared to 1997. Biomass production decreased by 53.6 % for 1998 and 32.9% for 1997 (no N treatment compared to the 269 kg N ha À1 treatment) for the late August sampling date (Table 2) . Biomass sampling data showed that the green waveband had the highest correlation coefficient for biomass and plant N concentration with few exceptions (Table 4) . Past researchers evaluating hyper-spectral reflectance have found that reflectance in the green region (500-550 nm) was best for detecting N deficiencies. [8, 16] Grain Yield Image Analysis
Analysis of multi-spectral imagery for estimation of grain yield and grain N content was performed for all image collection dates beginning in late June and continuing until late August (four sampling dates per year extending from the vegetative through the reproductive growth stages). Generally the late June sampling date had the lowest correlation coefficient compared to later sampling dates regardless of waveband or index (Table 5 ). Plant growth stage at this sampling date was between V5-V7 depending on treatment. At this growth stage there was a significant amount of soil present within each pixel. This amount of soil Significant at the 0.01 and 0.05 probability levels, respectively.
in the image contributed to the lower correlation coefficient compared to the later sampling dates when the canopy was closed. July and August sampling in 1997 and July sampling in 1998 resulted in a significantly high correlation between grain yield and reflectance for the blue waveband (Table 5 ). Work by Kleman and Fagerlund [5] noted that blue reflectance was strongly related to different irrigation levels. During the time these images were collected a drought stress occurred. The drought stress for the 1997 growing season extended from July through August, while in 1998 there was only a short time when plants exhibited visible drought stress symptoms occurring the middle of July. The drought stress was not severe enough to measure by standard methods (increased canopy temperature or neutron probe). Regression coefficients decreased substantially for the August sampling dates for 1998, following a significant rainfall event (Table 5) .
Although there was significant regression coefficients with grain N concentration there was not any coefficients greater than 0.5 (Table 5 ). Similar to previous research the green waveband had the best correlation with grain N concentration. Blackmer et al. [8] stated that light reflectance near 550 nm (green) was best for separating N treatment differences, and could be used to detect N deficiencies in corn.
Overall, images collected in 1998 had higher regression correlation coefficients for grain yield and N concentrations than did 1997 images (Table 5 ). This may be due in part to greater image sensitivity as well as increased plant response to applied N in 1998 compared with 1997 (Table 3) . Regardless of year, the green waveband and GNDVI index had the best correlation with grain yield (Table 5) . This is similar to recent results by Shanahan et al. [17] who found that the GNDVI index obtained during midgrain field has the greatest potential of estimating grain yield.
CONCLUSIONS
In summary grain yield, plant biomass, grain N concentration, and plant N concentration were all affected by N rate. Overall, the 1998 imagery analysis resulted in higher regression correlation for in-season plant biophysical characteristics and grain yield compared to that for the 1997 growing season. This difference was attributed in part to the differences in sensor sensitivity, but also differences in growing season environment (rainfall) and plant response to applied nutrients. Correlations with grain yield and biomass were higher later in the growing season, once the crop canopy had closed (the late vegetative to reproductive growth stages). Generally the GNDVI and green waveband had the greatest correlation coefficient with grain yield.
The acceptance of remote sensing as a valid application in precision agriculture is dependent on the ability to accurately assess a given variable regardless of other factors including various nutrient and drought stresses, and/or the presence of pest pressures including weeds, insects, or diseases. This work demonstrates the ability of remotely sensed imagery to accurately estimate grain yield regardless of N or drought stress.
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